Biopolymers represent natural, renewable and abundant materials. Their use is steadily growing in various areas (food, health, building …) but, in lithography, despite some works, resists, solvents and developers are still oil-based and hazardous chemicals. In this work, we replaced synthetic resist by chitosan, a natural, abundant and hydrophilic polysaccharide. High resolution sub-micron patterns were obtained through chitosan films as water developable, chemically unmodified, positive tone mask resist for an eco-friendly electron beam and deep-UV (193 nm) lithography process. Sub-micron patterns were also successfully obtained using a 248 nm photomasker thanks to the addition of biosourced photoactivator, riboflavin. Patterns were then transferred by plasma etching into silica even for high resolution patterns.
INTRODUCTION
Environmentally-friendly processes are more and more adopted in chemistry 1, 2 and in nanotechnology 3, 4 . In microelectronics industry, efforts have already been undertaken to reduce the environmental impact of technology in particular the one of lithography. Indeed, lithography requires oil based chemicals like solvents, resists and developers. These chemicals and theirs syntheses may be hazardous for health and environment generating security and waste management issues and costs. First efforts focused on changing the solvents by harmless ones such as ethyl lactate 5 . Some researchers went further by replacing the current resists by biosourced polymers soluble in aqueous solutions. Takei et al. used derivatives of polysaccharides as negative tone resist for electron beam (e-beam) lithography [6] [7] [8] [9] or for extreme ultra-violet (EUV) lithography 9 whereas Kim et al. tested silk as positive and negative tone resists for e-beam 10 or EUV lithography 11 . The polysaccharides of Takei et al. were chemically modified with acryloyl groups. In addition, although they could achieve high resolution with 50 nm lines spaced by 450 nm, the selectivity of the chemically modified polysaccharides to fluorinated plasma etching was low. Therefore, a three layers process (resist, synthetic hard mask and synthetic etching layer) was required to enable transfer. With silk, although high resolution was also achieved (30 nm lines spaced by 100 nm for e-beam), selectivity to etching was not reported. Recently, a third group proposed egg white directly extracted from eggs as a resist 12 . But stripping of this resist was time consuming as the sample needed to be immersed in a solution of trypsin during 15 h which is not suited to a microelectronic process.
Herein, we proposed to replace current resists by another biopolymer, which is chitosan, for lithography and etching process as displayed in Figure 1 . Chitosan is a polysaccharide constituted of D-glucosamine and N-acetyl-D-glucosamine units. The number of N-acetyl-D-glucosamine units along a chain corresponds to the degree of acetylation (DA, in percentage). Chitosan is prepared from chitin, the N-acetyl-D-glucosamine polysaccharide 13 (DA = 100 %). This polymer is the second most abundant on Earth after cellulose. It is present in the exoskeleton of arthropods and industrially extracted from the waste from sea food industry as crabs and shrimps shells. Chitosan is also a biodegradable, biocompatible and non-toxic polymer. Due to these properties, it was already used in biotechnology as an adhesion film for the cell culture [14] [15] [16] . Recent works used chitosan as positive tone resist for e-beam lithography 17, 18 . Patterns of holes of 500 nm spaced by 1.5 µm with development in water have been realized but no transfer of these patterns into the underlying substrate was reported. We demonstrated that unmodified chitosan could be used as a positive tone resist in a complete lithography/ etching process, using 30 kV e-beam lithography. 50 nm patterns were obtained and transferred by plasma etching into silica layer using a completely free organic solvent process 19 . The chitosan film resistance to etching by CHF 3 plasma was assessed through its selectivity corresponding to the ratio between etching rate of silica on etching rate of chitosan. The selectivity was more than 4.25 and appeared slightly higher than the resistance of PMMA (950-PMMA-A4 from Microchem) which is a common resist in lithography 19 .
In this work, we aim to demonstrate that the unmodified chitosan can be a universal green resist for lithography (e-beam and UV) allowing sub-micron resolution with possibility of transfer into a silica layer.
EXPERIMENTAL

Materials
Highly deacetylated chitosan was provided by Mahtani Chitosan PVT, Ltd (India) from squid pens and further purified according to the procedure of Rinaudo 13 . Its molar mass of 570 kg.mol -1 was measured by size exclusion chromatography. Chitosans of DA of 2 % and 35 % were then prepared. DA was quantified by 1 H NMR using an AVANCE III 400 MHz spectrometer. Deionized water (ultrapure, 18 MΩ) and acetic acid (Fluka Analytical, glacial acetic acid) were used. Chitosan films were deposited on silica/ silicon substrates using classical spin-on technology. The silica layer (90 nm or 200 nm) was obtained by plasma enhanced chemical vapour deposition. In the case of photolithography at 248 nm, a natural dye, riboflavin (Sigma-Aldrich, > 98 %, extracted from Ermothycium ashbyii), was added in the chitosan solution.
Methods for chitosan film preparation and characterizations
Aqueous diluted acetic acid solution was used to dissolve solid chitosan at concentration of 0.7 % (w/v) or 0.9 % (w/v), depending on the desired thickness. Acetic acid was stoichiometrically added with respect to the free amines of the glucosamine residues. Chitosan films were prepared on silica-silicon substrates by 30 s of spin-coating at 5000 rd.min -1 and 3000 rd.s -2 followed by a softbake at 100 °C for 1 min on a hotplate. It is well known that chitosan through hydrogen bonds have a strong adhesion on silica and silicon surfaces thanks to surface SiOH groups 20 .
Film thickness was measured by ellipsometry with a spectroscopic ellipsometer UVISEL ™ from Horiba using the classical formula dispersion as model in the Horiba software. The model was adapted to chitosan by adjusting the refractive index between 1.5-1.6 and the extinction coefficient to 0 at 630 nm 21 .
X-ray reflectivity was performed on an X-ray diffractometer from SmartLab using the Kα1 copper ray to determine the chitosan films density.
For photolithography at 248 nm, riboflavin was added in the chitosan (0.9 % (w/v)) solution at a concentration of 2.2 x 10 -4 mol.L -1 , maximum of riboflavin solubility in our conditions. Chitosan-riboflavin films were deposited on silicasilicon substrates following the same protocol as previously described. In order to determine the distribution of riboflavin in the chitosan films, Two Photon Emission Fluorescence (TPEF) measurements (non-linear optic measurements) were carried out at Institut Lumière Matière. The non-linear optic experimental setup was based on a frequency doubled femtosecond Er-doped fiber laser source (Menlo Lasers, C-Fiber 780). The laser provided pulses with a duration of about 100 fs at a repetition rate of 100 MHz. An average power of about 65 mW was measured at the laser exit at fundamental wavelength of 780 nm (spectral width of 13 nm). The laser beam was focused by a standard microscope objective (magnification X20, NA 0.75) mounted onto a microscope stand (Nikon Eclipse TE2000-U with 3D positioning in inverted geometry) holding the sample. The TPEF signal was collected with an optical fiber feeding a cooled photomultiplier placed after a spectrometer. Various color filters were placed on the emission light beam path to avoid any unwanted fundamental.
Lithography and development
E-beam lithography was performed at 100 kV on an e-beam Writer JEOL JBX-9300FS at the Plateforme Technologique Amont (PTA) in Grenoble. A ZrO/W thermal field emission source was used. For 100 kV accelerating voltage, the electron beam has a diameter Gaussian spot of 4 nm, a speed of 50 MHz for a current range of 50 pA -100 nA.
Photolithography at 193 nm was performed at the Institut de Science des Matériaux de Mulhouse with a home-made DUV interferometric setup using a 193 nm ArF laser (Braggstar from Coherent) and phase masks generating regular sinusoidal patterns with periods ranging from 100 nm to 600 nm.
Photolithography at 248 nm was performed at PTA on a MBJB4 DUV SUSS Micro Tec device with a density power of 4 mW.cm -2 and a lamp power of 500 W.
Lithography is followed by development in deionized water (18 MΩ) during 60 s.
Etching process
Etching selectivity study of chitosan films was carried out in a Reactive Ion Etcher (RIE) Corial 200S using CHF 3 gas reactant (usually used for silica etching) during 2 min under 100 sccm of CHF 3 at a pressure of 50 mTorr at 20°C for a power of 140 W (corresponding to a bias voltage of 590 V). Chitosan was, then, selectively removed by O 2 plasma for 1 min under 100 sccm of O 2 at 100 mTorr, 20 °C, 100 W and bias voltage of 460 V.
Patterns characterizations
Patterns observations were realized by scanning electron microscopy (SEM) on a scanning electron microscope JEOL JSM 7401F at 2 kV, 5 µA and a working distance of 4 mm. The Image J software was used for the analysis of the SEM images to measure the size of the patterns.
The AFM characterization was carried out with a PicoPlus AFM from Molecular Imaging, in resonant mode.
UV-visible spectroscopy
The absorbance of the chitosan resist solutions for photolithography was measured by a SAFAS UVmc2 double beam spectrometer with quartz cuvettes of 1 cm. The blank was realized with an aqueous solution of acetic acid (0.05 mol.L -1 )
in a quartz cuvette.
The absorbance of the chitosan film was measured by a Cary 5G UV-vis-NI spectrophotometer with 2 reflexions at 45°. Data were treated with the Scan software to obtain the film absorbance.
RESULTS AND DISCUSSION
Film properties
In the introduction, the selectivity of chitosan resist to plasma etching was already presented. We previously demonstrated that chitosan films were stable at temperature up to 200 °C and were stable during development in water 19 .
Herein, we will discuss particularly about the absorbance of the films for the photolithographic aspect and their thicknesses.
For photolithography, it is of prime importance that the resist can absorb the energy of the wavelength to generate chemical reactions. The absorbance of a chitosan (DA 2 %) film was measured as displayed in Figure 2 . On Figure 2 , some interference fringes can be seen but the chitosan film absorbance is very low particularly at 248 nm corresponding to the wavelength of the photomasker we used. The low absorbance at this wavelength is confirmed for chitosan in solution for chitosan of low DA (2 %) but also at high DA (35 %) as displayed in Figure 3 . This figure corresponds to the chitosan absorbance spectrum in solution for a concentration of 0.9 % (w/v). On the contrary, it seems that, for photolithography at 193 nm, chitosan absorbance in solution is higher than at 248 nm. Indeed, at 193 nm, absorbance is of 1.6. In order to improve chitosan absorbance and so chitosan photosensitivity, a natural dye, riboflavin or B 2 vitamin, was added in the formulation of the resists. It is a natural and hydrosoluble dye present in fruits, vegetables and animals 22 and extracted from flavinogenic microorganisms 23 . It is known to generate the photodegradation of organic compounds (pesticides, food …) under UV-visible light 24 . Riboflavin was added at the concentration of 2.2 x 10 -4 mol.L -1 corresponding to its maximum solubility in deionized water in our conditions. At 248 nm, the optical absorption of the chitosan resist solution was significantly increased with riboflavin ( Figure 3 ). Indeed the absorbance of the solution was of 2.5 with riboflavin whatever the chitosan DA and only of 0.25 without riboflavin.
The addition of riboflavin being required for photolithography at 248 nm, we studied the effect of its presence in the film particularly the possibility to make a film and its distribution into this film. Chitosan-riboflavin films were deposited by spin-coating at 3000 rd.s -2 for 30 s followed by a softbake at 100 °C for 1 min. Chitosan of DA 2 % and 35 % were tested for two concentrations. The film thickness as a function of the DA for two concentrations (0.7 % and 0.9 % (w/v)) is displayed in Figure 4 . Film thicknesses are shown for chitosan with riboflavin (2.2 x 10 -4 mol.L -1 ) and without it. film thickness depends on the concentration of the polymer as expected but also on the DA. Indeed, spin-coated film thickness depends on inverse of the square of the dynamic viscosity of the polymer solution 25 . This viscosity relies on the quality of the solvent to dissolve the polymer and on the concentration of polymer. When a polymer is dissolved in a good solvent, its chains are completely spread leading to an increase in the viscosity 26 . In the case of low DA chitosan in an acidic solution, the chains were totally protonated. They could spread easily. At higher DA, less amino groups were protonated. Even though N-acetyl group is polar, the solvent quality, under similar conditions, decreased reducing the chitosan solubility as observed by Rinaudo et al. 27 , Anthonsen et al. 28 and Wang et al. 29 . Chains were less spread and the viscosity was consequently lowered. Therefore, viscosity and the film thickness decreased from low DA to high DA as we noticed. The increase in thickness with concentration could be explained, according to Rinaudo et al. 27 , by the fact that, at these concentrations and in these conditions, chitosan could be assumed in a semi-diluted concentration. Chitosan chains would then be very close ones to others generating entanglements which would limit the flow. The higher the concentration, the higher the number of entanglements, hence the increase in viscosity and in film thickness.
In order to determine if riboflavin was homogeneously distributed in a chitosan film, chitosan -riboflavin films deposited by spin-coating on the silica-silicon substrate were analysed by a non-linear optic measurement, Two Photon Excited Fluorescence (TPEF). For a maximal efficiency of riboflavin, it was of prime importance that riboflavin repartition was well distributed in the film. The TPEF measurements gave us access to a three-dimensional resolution. Indeed, the material was excited by two synchronous photons, thus the non-linear optical process only occurred at the focus of the beam. Firstly, TPEF spectra for a chitosan film and a riboflavin-chitosan film with a 780 nm wavelength excitation were recorded ( Figure 5 ). In both cases, a peak of the half of the 780 nm excitation wavelength is observed on Figure 5 corresponding to a second harmonic response of these two films due to chitosan. We noticed that chitosan alone was not fluorescent. On the contrary chitosan-riboflavin film presented a high TPEF intensity centred at 512 nm. Thus this fluorescence was only due to riboflavin. TPEF signal integrated over the 410 -650 nm spectral region as a function of the film depth was then recorded ( Figure  6 ). According to the previous TPEF spectra, the TPEF signal was only due to riboflavin. On the Figure 6 , a TPEF peak appears in the region focused on the chitosan -riboflavin layer (thickness of 150 nm). The reference corresponding to the SiO 2 layer on silicon substrate was obtained in absence of chitosan and riboflavin and was shifted due to a different position of the sample. This depth profile measurement resulted from the convolution of the beam focus and the film depth. The beam (few micrometers) waist dominates the resolution as it is much larger than the distribution width of the riboflavin. However, the peak shape indicates that riboflavin was distributed rather homogeneously within the film.
According to these studies, riboflavin enhanced the chitosan photosensitivity for photolithography at 248 nm and is homogeneously distributed in the chitosan film.
The following parts of this work will now focus on the results obtained in lithography (e-beam, 248 nm and 193 nm) and in transfer with this bioresist.
Electron beam lithography
Firstly, Monte-Carlo simulations were undertaken to simulate the behaviour of electrons through a chitosan film deposited on a silicon substrate with a silica layer of 90 nm. The results were then compared to the ones for a PMMA film (70 nm in the experimental conditions for 950-PMMA-A4 from Microchem). Results are displayed in the Figure 7 .
Simulations were realized on the CASINO software for an electron beam with a diameter of 10 nm for 200 electrons accelerated at 100 kV. Density of the different material was 0.88 for chitosan for DA 2 % measured by X-ray reflectometry and already registered in the database 1.74 for silica, 2.33 for silicon and 1.18 for PMMA densities. Profile obtained for PMMA is similar to the one obtained for a 500 nm layer of PMMA by Urbánek et al. 30 with the CASINO software. In both cases, the electron beam passes through the polymer layer without any scattering. Back scattering takes place randomly from the silicon substrate for around 10 % of electrons. These simulations suggested that chitosan could behave as PMMA under an electron beam and validated the use of chitosan as resist for e-beam lithography.
For electron beam lithography, we used chitosan of DA of 2 % concentrated at 0.7 % (w/v) on silicon substrate with a silica layer of 90 nm. The film thickness in these conditions was of 80 -90 nm. Development was performed in deionized water during 60 s.
At previous studies with our 30 kV e-beam writer, we demonstrated that high resolution patterns were obtained in a chitosan film with 50 nm lines spaced by 300 nm or 500 nm 19 . Line edge roughness was low in both cases, respectively of 19 nm and 14 nm. In comparison, Voznesenskiy et al. 17, 18 who also worked on chitosan films in e-beam lithography (25 kV, deionized water as developer) obtained 500 nm holes spaced by 1.5 µm. At this point, we went further by increasing the resolution and demonstrating the high quality of the final patterns. Such resolution is similar at the one obtained by Takei et al. 6 but for a lower electron energy than in their case (75 kV) and for an unmodified biopolymer.
In order to validate chitosan as e-beam resists, next studies were performed with a 100 kV standard e-beam writer. 
Photolithography at 248 nm
UV light at 248 nm irradiation of chitosan was reported to generate the chitosan degradation by a free radical photooxidation mechanism 31, 32 . But degradation could occur only for high doses of exposure (2 h to 8 h at 248 nm with a dose density of 0.263 J.cm -2 .min -1 ) as presented by Sionkowska et al. 33 . Indeed, as demonstrated in section 3.1 film properties, the absorption of chitosan (DA 35 %, film thickness 90 nm prepared from a solution concentrated at 0.9 % (w/v)) at 248 nm is low. We assessed that 50 minutes exposure (11988 mJ.cm -2 ) was not sufficient to develop the patterns throughout the chitosan layer: only 10 nm thickness of the exposed area could be dissolved. Given these results and the low absorbance of the film, the addition of a photoactive agent, riboflavin, in the chitosan resist appears of interest. For the two chitosans with riboflavin (films prepared from a solution concentrated at 0.9 % (w/v) in chitosan and 2.2 x 10 -4
mol.L -1 in riboflavin), patterns were obtained with high quality. For DA 2 %, a dose of 10800 mJ.cm -2 enabled to reveal patterns but only on the top surface (10 nm) of the chitosan film. On the contrary, using a DA 35 %, for the same dose of 10800 mJ.cm -2 , the patterns were reproduced into the whole thickness of chitosan film ( Figure 9 ) with high fidelity to the mask. DA appeared to have a significant effect on the photosensitivity at 248 nm. At DA 2 % or 35 %, patterns were revealed but at 35 %, riboflavin efficiency was dramatically increased. In both cases, photodegradation took place partly due to the exposure at the 248 nm as demonstrated by Sionkowska et al. 33 and Wasikiewicz et al. 32 . react with chitosan by radical reactions to break the glycosidic bond. Given that the apparent increase of photoefficiency for DA 35 %, an additional possible mechanism can also occur since for a polymer with C=O group in presence of another molecule or polymer with C=O group, a vibrational mixing between these C=O groups can be observed 35 . When the molecule was excited, an energy transfer could take place through this mixing leading to the excitation of the first polymer and, eventually, to its photodegradation. As chitosan at DA 35 % has more C=O groups than at DA 2 % and as riboflavin also has C=O groups, such mechanism could occur and explain this improvement of efficiency with DA 35 %.
On these bases, the study was pursued by increasing the resolution using mask with patterns of less than 0.3 µm. Results are displayed on the Figure 10 after development. As for e-beam lithography, it was possible to write sub-micronic patterns into a chitosan-riboflavin film. These preliminary results are very encouraging. However, the photosensitivity should be improved in order to reduce the exposure time.
Photolithography at 193 nm
In photolithography at 193 nm, the two chitosans (low DA at 2 % and high DA at 35 %) were tested. The same chitosan films than for e-beam lithography (chitosan concentrated at 0.7 % (w/v)) were tested with DUV doses ranging from 100 mJ to 2000 mJ. Irradiation was followed by a development in deionized water during 60 s. For DA of 35 %, no patterns could be obtained in the bioresist whatever the applied dose. On the contrary, low DA chitosan films appeared of interest as we can see on the Figure 11. On Figure 11 , patterns appeared for doses superior to 300 mJ ( Figure 11 a and b) . The dose was however too low to reveal patterns on the total thickness of the film. By increasing it steadily, reproduction of patterns was of better quality and their depth was steadily increased as we can observe on the Figure 11 (c to f). At 1000 mJ ( Figure 11 e and f) SiO 2 layer was almost reached, the film thickness of chitosan was of 90 nm. Profile of the patterns was sinusoidal suggesting that the chitosan resist has a linear response under deep UV exposure instead of a binary one. Interestingly, the dose needed to pattern the chitosan bioresist is in the same order of magnitude to standard photoresists used in the same setup.
µm
These first results need to be optimized and the photochemical pathway is still under investigation but they are promising for the use of chitosan bioresist for 193 nm.
Transfer by etching
In several applications and particularly in microelectronics, lithography is followed by a step of transfer. We studied the transfer by reactive ion etching by CHF 3 plasma.
Transfer into silica by CHF 3 plasma etching during 4 min and stripping by O 2 plasma for 2 min were applied on chitosan and chitosan -riboflavin films after lithography. Previously, we assessed the chitosan selectivity at 4.25 19 . In the Figure   12 , examples of patterns after transfer and stripping after photolithography are also displayed. 19 and by photolithography at 248 nm (10800 mJ.cm -2 ) (b) 60 µm lines and (c) optical image of 0.3 µm patterns (6400 mJ.cm -2 ).
In Figure 12 a, were displayed the patterns obtained by 30 kV e-beam lithography after transfer and stripping from a chitosan DA 2 % film. We noticed that even high resoluted patterns obtained by e-beam lithography were of high quality with very low line edge roughness of only 5 nm 19 . In photolithography, the transfer was also successfully done for chitosan DA 35 %-riboflavin films as shown in the Figure 12 b for photolithography at 248 nm. The size was still well respected with squares of (436 ± 5) µm and width of the lines of (60 ± 1) µm. Figure 12 c displays that such quality of transfer was also reached for sub-micronic resoluted mask patterns in photolithography.
It was demonstrated that addition of riboflavin to chitosan did not impair the selectivity of the chitosan allowing for the transfer of the patterns by CHF 3 plasma. Therefore, these experimental results open the possibility of using chitosan as a resist for e-beam lithography and photolithography followed by fluorinated gas plasma etching.
CONCLUSIONS
Aiming at developing green resist for lithography, a biopolymer, chitosan, issued from waste repurposing was proposed for a complete lithography and etching process. In addition, no chemical modification of chitosan nor any oil-based and toxic chemical were necessary. Only water was used as a solvent. We also demonstrated that chitosan is a ubiquitous positive tone resist allowing for ebeam lithography at 30 kV and 100 kV as well as photolithography at 193 and 248 nm. In the latter case, a natural, water soluble, non-toxic photoactivator was needed: riboflavin. We showed that the DA affect the effectiveness of the riboflavin promoted reaction. Next works will focus on the increase of sensitivity for UV lithography particularly at 248 nm. Proc. of SPIE Vol. 10587 105870S-13
